Recent progress in the theory of interlayer exchange coupling is presented. The interlayer coupling is described in terms of quantum interferences in the spacer layer, due to reflections of Bloch waves on the spacer boundaries, This approach is used to discuss (i) the coupling variation with respect to ferromagnetic layers thickness, and (ii) the coupling across a nonmetallic spacer layer.
INTRODUCTION
In the past few years, the intense research activity on interlayer exchange coupling, both experimental and theoretical, has been essentially focussed on the oscillations of the interlayer coupling with respect to spacer thickness, in systems with metallic spacer layers.lt2 Recently, the interest in this field has been renewed by (i) the theoretical predicti~n'~~ and experimental conf~rmation~~~ of oscillations of the coupling with respect to ferromagnetic layers thickness, and (ii) the discovery of interlayer exchange coupling across nonmetallic spacer layer^,^ which, furthermore, may be thermally induce8 or photoindu~ed. ~~'~ In this article, I address the above mentioned new aspects of the problem of interlayer exchange coupling. This study relies on a formalism developed previously," in which the interlayer coupling is described in terms of quantum interferences in the spacer, due to reflections of Bloch waves on the spacer boundaries. This approach, which has been rederived subsequently by Stiles, 12 has the virtue of being physically transparent, and also provides a suitable starting point for quantitative calculations, either for models, or for realistic systems. A heuristic presentation of this approach is given in Sec. II.
As pointed out in Ref. 4, it becomes almost obvious, in the light of the "quantum interferences" formulation, that one may expect oscillations of the coupling versus ferromagnetic layers thickness, as a consequence of the interferences associated with the multiple internal reflections in a magnetic layer of finite thickness, in analogy with the reflection oscillations in an optical Pirot-Fabry cavity. This problem is discussed in detail in Sec. 111. In contrast to the important theoretical literature devoted to interlayer coupling across metal spacer, the magnetic coupling across insulators has attracted very little attention on the theoretical point of view. A notable exception is Slonczewski's model of coupling, at T=O, through a tunneling barrier:13 the coupling, in this case is non-oscillatory, and decays exponentially with spacer thickness. In a recent paper,14 I discussed this problem within the quantum interferences approach: at T=O, one recovers the results of Slonczewski; on the other hand, the coupling is found to increase with increasing temperature, in contrast to the metal spacer case. This study is presented in Sec. N.
In view of pedagogical clarity, the free-electron model will be used in Secs. I11 and N. For this simple case, the ')E-mail: bruno@ief-paris-sud.fr calculations can be performed analytically, thus providing a physically transparent illustration of the various aspects of the problem. The model is sketched in Fig. 1 : the zero of energy is taken at the bottom of the majority band of the ferromagnetic layers; the potential of the minority band is given by the exchange splitting A, while the spacer, of thickness D, has a potential equal to U. 
II. QUANTUM INTERFERENCES AND INTERLAYER EXCHANGE COUPLING
In this section, I shall present a heuristic presentation of the interlayer coupling in terms of quantum interferences in the spacer layer; the emphasis will be on physical transparency rather than on mathematical strictness.
Inside the paramagnetic layer, a conduction electron experiences essentially the same potential as in the bulk material; deviations from the bulk potential are confined to the interface regions, and, of course, to the regions occupied by the ferromagnetic material. Thus, the electrons propagate through the spacer like in the bulk material; the effect of potential deviations as they encounter the interface with the ferromagnetic material make them being (partly) reflected towards the paramagnet. Because of the spin polarization of the ferromagnetic material, the potential deviation at the interface is spin dependent, and so is the reflection coefficient. Since the in-plane translational invariance is maintained, the in-plane component 91 of the wave vector is a good quantum number, i.e., it is conserved under reflection. For an incident electron of wave vector k'=(+l ,kL), the reflected wave vector is k' = (41 ,-kl) and the corresponding complex reflection coefficient for spin parallel (antiparallel) to the magnetization in the ferromagnet is rt(J); the module of the reflection coefficient gives the amplitude of the reflected wave, while its argument 4 gives the phase shift due to the reflection. We also define -r t + r J
rT-rJ
and Ars-
r= -
respectively, the spin-average and spin-asymmetry of the reflection coefficients.
In the paramagnetic spacer, the electrons are reflected on both interfaces (FA and F E ) , so that interferences take place due to the multiple reflections. Let us consider a wave of vector k= (+I ,kl), with k, > 0 ; the phase change of the wave function after a round trip in the spacer (one reflection on FA and one reflection on F E ) is
if the interferences are constructive (respectively, destructive), i.e., if
with n integer, the density of states is enhanced (respectively, lowered) in the spacer layer. Taking these interferences into account, the wave function in the spacer may be written as for the antiferromagnetic configuration.
may be expressed as
The interlayer exchange coupling per unit area (at T= 0)
EF-E,4Fs
integrating by parts, we get for the interlayer exchange coupling (for large D)
As appears clearly from Eq. (lo), the coupling depends on (i) the wave vectors k, in the spacer layer, and (ii) the spin-asymmetries ATA and of reflection coefficients at the paramagnetic-ferromagnetic interfaces; the former determine the oscillation periods of the coupling, while the latter determine its strength.
So far I have implicitely considered that the incident and reflected waves are usual propagative Bloch waves (with kL real); these are the states which are allowed in bulk materials. However, in a slab of finite thickness, evanescent states [with Im(kl) nonvanishing] are also present and contribute to the density of states. Thus, evanescent states contribute to the coupling in Eq. (10) on an equal footing; in particular, they are found in gaps of the bulk band structure. The r6le played by these states will be discussed in Sec. IV. An exact derivation, using Green's functions formalism, yields, for the interlayer coupling energy per unit area," 
EAB( 19)
=Jo
MAGNETIC LAYERS THICKNESS
I consider here the case of ferromagnetic layers of finite thickness L. For simplicity, I shall restrict myself to the case of a metallic spacer; more precisely, I take U=O; thus, the magnetic layer is transparent for electrons of spin parallel to the majority spins, i.e., rT=O and ?= -A r = r 1 / 2 .
In the case of a layer of finite thickness, like in P6rot-Fabry cavity, all the waves associated with the multiple re-flections inside the magnetic layer contribute to the net reflection coefficient. The summation is easily camed out, and one gets where k i is the minority-spin wave-vector in the magnetic layer, and r i the reflection coefficient for a semi-infinite magnetic layer. Clearly, the variation of r1 with respect to L is oscillatory or exponential, according to the naturepropagative or evanescent-f the state of wave vector k i .
The interlayer coupling is governed essentially by the states lying at the Fermi level. Thus, if kb is real, one can expect oscillations of the interlayer coupling vs. magnetic layers thickness to show up. The oscillations are due to the quantum interferences inside the magnetic layers: when the interferences are constructive (respectively, destructive), the coupling strength is enhanced (respectively, reduced). Below, I consider only the former case, i.e., kk real.
In the limit where both L and D are large, the expression of the coupling (at T=O) reduces to4 The fact that the coupling varies like L2 at low magnetic layers thickness is obvious from the analogy with optics: the reflection coefficient for a thin layer is proportional to its thickness. Until recently, it was generally believed that the coupling is essentially independent of the magnetic layers thickness. This point has been studied experimentally in the case of 
IV. METALLIC VERSUS INSULATING SPACER
In this section, I discuss the coupling behavior, in particular its spacer thickness and temperature dependence, for a nonmetallic spacer ( eF< U), in comparison with the case of a metallic spacer ( eF> U). For simplicity, I take L=w.
Because of the abrupt variation of the Fermi-Dirac distribution at the Fermi energy, the interlayer coupling is determined by the neighborhood of the Fermi level. Thus, the P. Bruno nature of the states present at the Fermi level controls the physical behavior of the coupling. In the case of a metallic spacer, one has propagative states at Fermi energy, and this leads to the oscillatory character of coupling vs. spacer thickness. For an insulating spacer, on the other hand, the states with Fermi energy are evanescent waves, so that we expect a monotonic exponential decay of the interlayer coupling with spacer thickness. In the limit of large spacer thickness and low temperature, Eq. (12) becomes14
respectively, for a metallic and an insulating spacer. Of course, the coupling behavior is completely different in both cases. While it is oscillatory for a metal spacer, it decreases exponentially with spacer thickness in the insulator case. Another striking difference concerns the temperature dependence, which is given by the last factor in Eq. (16) . For a metal spacer, the coupling decreases with increasing temperature? On the other hand, when we consider the insulating spacer case, where kF is imaginary, the exchange COUpling increases with temperature for an insulating spacer, because sinh( ix)/ixEsin(x)/x is an increasing function. Physically, this behavior may be understood easily: when the temperature increases, the contribution of states below the Fermi level is lowered, at the expense of states above the Fermi level; since the penetration length of the latter is larger than the one of the former, the exchange coupling is thereby enhanced.
To illustrate the above results more quantitatively, we have performed numerical calculations of the exchange coupling for the free electron model, with eF= 10.0 eV, A=1.5 eV, and U-eF= 0.1 eV; the calculation uses the exact expression (12), not the asymptotic result (16). The results are displayed on Fig. 3 . With the above choice of parameters, the coupling at large spacer thicknesses is antiferromagnetic (J,>O). One clearly observes the strong temperature increase of the coupling; as expected from Eq. (E), the relative thermal variation increases with increasing thickness.
One should be careful when comparing the results with experimental observations of coupling across no-metallic spacers: indeed, the latter concern materials that are disordered or even amorphous, whereas the theory presented here pertains to ordered systems; the importance of disorder for the thermally induced coupling remains to be clarified. Nevertheless, the finding of a positive temperature coefficient for the exchange coupling through an insulating spacer provides a plausible explanation for the experimental observations of thermally induced exchange coupling.' Note that the latter result is not restricted to the free-electron case, and may be shown to hold for any insulating spacer material. 
V. CONCLUDING REMARKS
In this article, I have discussed various new aspects of the problem of interlayer exchange coupling, on the basis of the quantum interference approach, is which the coupling is expressed in terms of reflection coefficients at the boundaries of the spacer layer. This approach provides a physically transparent description of the phenomenon of interlayer exchange coupling. When applied to simple models, such as the free-electron model, the calculations can be performed almost completely analytically.
I have shown that the interlayer coupling me be expected to exhibit oscillations versus ferromagnetic layers thickness, a prediction which has been confirmed recently by experiments. For the case of an insulating spacer, the expression of the coupling is formally similar to the metallic spacer case; however, the evanescent character of the states with Fermi energy leads to a completely different physical behavior: in contrast to the metal spacer case, the coupling has a monotonic exponential decay with respect to spacer thickness, and increases with temperature. This result provides a plausible explanation for recent experimental observations.
